Eperythrozoon-specific DNA amplification reactions and subsequent hybridizations with an eperythrozoon DNA probe (KSU-2) were used in experimental infection studies to identify Eperythrozoon suis DNA in the blood of splenectomized and nonsplenectomized pigs. The results indicate that E. suis DNA is present in nonsplenectomized pigs at levels that can be amplified by polymerase chain reaction (PCR) and identified in DNA hybridizations within 24 hours after infection. The ability of the E. suis PCR/hybridization assay to detect eperythrozoonosis was further demonstrated in blood samples collected from pigs in 2 separate natural outbreaks in Oklahoma. Results from these initial samplings indicate that pigs infected with E. suis from geographically distinct locations can be identified using the eperythrozoon-specific PCR/hybridization assay, which offers many advantages over conventional laboratory procedures for diagnosing eperythrozoonosis
Eperythrozoon suis is a rickettsial organism that infects pigs. The disease, eperythrozoonosis, was first reported in 1932 9 and has been implicated in causing weakness and anemia of newborn and weanling pigs, acute icteroanemia in stressed feeder pigs, delayed production gains in infected pigs, and reproduction losses in infected sows. 1, 2, 6, 20 Eperythrozoon organisms have been shown to be transmitted by biting arthropods, through the placenta, and by transfer of contaminated blood. 15 Infections are reported to be widespread in the midwestem 13 and southern USA 12 and result in variable morbidities and low mortalities 1, 6 An increased occurrence of respiratory tract and enteric diseases has been observed in infected herds? Treatment with tetracyclines or arsenicals will eliminate signs of acute illness and prevent death but does not clear the organism from infected pigs. 16 Subsequently, treated pigs can become chronic carriers and serve as reservoirs of infection for uninfected pigs. 16 No pharmaceuticals are approved for the treatment of eperythrozoonosis in Pigs. 15, 16 Diagnosis of eperythrozoonosis in the past has been based on three criteria: 15 1) clinical signs and history, 2) evidence of the organism's presence in stained blood smears, and 3) serology. Trained personnel can detect organisms on blood smears during peak parasitemia; however, artifacts or low numbers of organisms characteristic of early parasitemia or chronic infections interfere with the effectiveness of this technique.
Serologic evidence of E. suis exposure is obtained by an indirect hemagglutination test (IHA) 17 and an enzyme-linked immunosorbent assay (ELISA). 7 The ELISA appears to be superior to the IHA in sensitivity; 7 however, both tests share limitations because of the nature of the antibody response of pigs to E. suis.
Pigs < 12 weeks old and boars tend to have lower titers. 6 Titers >40 for IHA tests appear to be significant and are generally detectable after a febrile and parasitemit period. In 1 survey in which over 10,000 pigs were tested, approximately 20% had significant IHA titers, but these titers decreased rapidly and were not helpful in diagnosing chronically infected individuals. 12 Therefore, the IHA and ELISA tests are considered indicators of herd status and have limited benefit in the diagnosis of eperythrozoonosis.
Genetic approaches to diagnosing eperythrozoonosis have been reported. A recombinant DNA probe to E. suis was successful in detecting E. suis DNA extracted from the blood of experimentally infected, splenectomized pigs. 10 The probe (KSU-2) was able to detect infections at 7 days postinfection, which corresponded with the appearance of clinical signs and detectable parasitemia on blood smears. Although specific for detecting E. suis in acutely ill pigs, it was unable to detect infections during the prepatent period (days 1-6) be-fore the pigs became clinically ill. 10 More recently, an eperythrozoon-specific DNA amplification assay that utilizes the polymerase chain reaction (PCR) in conjunction with the KSU-2 DNA probe in hybridizations has been reported. 3 et al.
leptospirosis and some for colibacillosis, except for the sows with sick litters. This report describes 3 experiments using the PCR/ hybridization assay. The first experiment was an examination of longitudinally collected blood samples from experimentally infected, splenectomized pigs. These samples had been previously described in direct hybridizations with the E. suis-specific DNA probe (KSU-2). 10 The second experiment assessed the presence of parasite DNA in whole blood of experimentally infected pigs that were not splenectomized. The third experiment detailed the initial findings with E. suis PCR/hybridizations on blood samples from 2 separate natural outbreaks of eperythrozoonosis in Oklahoma.
Pig 605, the largest of the 3 pigs, had some yellow staining fecal material on the skin, hair of the tail, and perineum. Pigs 606 and 607 had green diarrheic fecal material. The carcass tissues had an obvious paleness, and the blood was thin and watery. Overall, the skin of pig 605 had a yellow cast, but there was no distinct yellowness to the fascia and fat. Examination of the digestive tract gave gross evidence of diarrhea. The appearance of the remaining tissues and organs were within normal limits.
Materials and methods

Experimental splenectomized pigs
Pigs 606 and 607 were essentially similar in most respects. Both pigs had green diarrheic fecal material, rough haircoats, and marked bony prominences, and their blood was thin and watery. There was some yellow staining of the skin in both pigs, but the fascia and fat did not reflect any yellowness. Pig 606 had areas of slightly increased density and red-purple discoloration in the cardiac lobes and cranioventral aspects of the diaphragmatic lobes of the lung. The appearances of the remaining tissues and organs for both pigs were within normal limits.
Hybridizations with the KSU-2 DNA probe on unamplified DNA from blood samples of splenectomized pigs infected with E. suis have been previously described. 10 Three splenectomized pigs (A, B, and C) were inoculated intraperitoneally with 3.0 ml of E. suis-infected blood, 4 and another pig (pig D) was splenectomized and uninfected. Blood was collected in anticoagulant (ethylenediaminetetraacetic acid [EDTA]) blood collection tubes from each pig prior to infection and on ensuing sampling dates postinfection (day 3, 5, 7, 10, 11, 17) and stored at -20 C.
Histologically, the small intestine and colon of pig 605 had no significant lesions, whereas those of pigs 606 and 607 had villous atrophy, adherent villi, and attenuation of the villous epithelium from columnar to cuboidal or squamous varieties. Lung from pig 606 was atelectatic, with neutrophilic infiltration into airways and adjacent parenchyma consistent with a bacterial pneumonia. Lymphoid hyperplasia usually associated with mycoplasmal pneumonia was not observed in lung tissue from pig 606.
Experimental nonsplenectomized pigs
Blood was collected from nonsplenectomized pigs "A" and "B" on day 0, the pigs were infected with E. suis-infected blood, 4 and blood subsequently was collected on days 1- 16, 20, [22] [23] [24] [25] [26] 28 and 29 postinfection (blood was collected from pig "A" only on day 30 postinfection). Blood DNA equivalent to 10 µ1 of whole blood was amplified by the PCR, and the resulting products were electrophoresed in agarose gels, stained with ethidium bromide, and blotted by capillary action to membranes, and the membranes were hybridized with the KSU-2 DNA probe. Both pigs were splenectomized on day 22 postinfection. All blood samples were stored at -20 c.
Microbial culturing of colon and small intestinal contents
of all 3 pigs resulted in the predominant isolation of Escherichia coli. Cultures from regional lymph nodes were negative in all pigs, as were lung tissues from pig 606. Serpulina and Campylobacter were not identified or isolated from any intestinal contents, and electron microscopic screening of intestinal contents from pig 605 was negative for rotavirus. Blood smears were negative for blood parasites in all pigs.
Blood samples submitted for E. suis DNA studies from pigs 605, 606, and 607 were mixed with a chaotropic salt (high salt) solution (HSS) to inhibit degradation of nucleic acids and to preserve the DNA samples without refrigeration. 10,21
Pigs in natural outbreaks
Outbreak 1. Three pigs (pigs 605, 606, 607; 6.8 kg, 5-7 wk old) were received alive at the Oklahoma Animal Disease Diagnostic Laboratory, Stillwater, Oklahoma, and were euthanized by carbon dioxide gas and exsanguination. The pigs originated in an Oklahoma farrowing operation of x 250 sows and piglets. A scouring problem was recognized approximately 3 wk previously in nursing piglets in the farrowing barn.
Eighteen days after the initial submission, blood samples from pigs 608, 609, and 610 from the same operation were submitted for evaluation. Pigs 608 and 609 (6 wk old) were still in the farrowing house, whereas pig 610 (8 wk old) was in the nursery. The only history submitted on these pigs was elevated temperatures at the time of blood collection (pig 608, 103.4 F [39.7 C]; pig 609, 103.4 F [39.7 C]; pig 610, 104.0 F [40.0 C]). Blood was collected in anticoagulant collection tubes, and smears were negative for blood parasites in all pigs. Blood samples submitted for E. suis DNA studies from pigs 608, 609, and 610 were in the original blood collection tubes that had been stored at 4 C.
At the time of submission, ≈ 65 young pigs had been afflicted and 12 had died. Most of the pigs had been raised on the premises, but some gilts had been added to the farrowing operation 5 mo previously. All sows had been vaccinated for Outbreak 2. An Oklahoma operation began having serious problems with sows and piglets in July and August 1991. The pigs affected were sows that had been in contact with 3 out-of-state purebred gilts introduced to the herd earlier in the spring. One sow died during far-rowing, and 2 other sows died after farrowing. Piglets from sows were "stunted, poor-doers, appeared more susceptible to diseases, and in general did not do well," according to the producer, and approximately 10 died. Since the original problem, the herd had been given chlortetracyclines in the feed (100 g/ton) and wormed 3 times. Nine of the affected pigs were mixed with 20 other gilts, boars, and barrows 2 wk prior to blood collection. Seven of the 29 pigs were randomly isolated, and blood was collected from them (November 1991) and from 2 additional pigs in adjacent pens that contained younger pigs. Blood samples from these pigs (pigs 611-619) were stored at 4 C and used in DNA studies.
DNA isolation from blood
For all pigs except pigs 605-607, the whole blood DNA was extracted by a modified quick boil method . 19 An aliquot of 100 µ1 of whole blood from each sample was combined with 200 µ1 of sterile distilled water and heated to 100 C for 5 min. The lysate was cooled briefly and extracted with phenol-chloroform. The DNA was precipitated with ethanol, suspended in 100 µ1 of sterile distilled water, quantitated (A 260 -A 280 ), and stored at -20 C.
Blood from pigs 605, 606, and 607 was collected in HSS, which has been previously described in unamplified hybridizations with the KSU-2 DNA probe. 10 In PCR/hybridizations assays, the equivalent of 100 µ1 of whole blood was extracted from the original HSS-containing samples. Protein was precipitated from the lysates with 0.3 x volumes of ethanol : chloroform : isoamyl alcohol (2.5:1:0.04), mixed for 5 min, and then centrifuged at 14,000 x g for 15 min, and the supernatants were removed. The DNA was precipitated with ethanol, pelleted and resuspended in 250 µ1 of NET buffer (150 mM NaCl, 5 mM EDTA, and 50 mM Tris-HCl, pH 7.5), extracted with phenol-chloroform, precipitated with ethanol, and resuspended in 100 µ1 NET buffer.
Amplification of eperythrozoon DNA
Each E. suis PCR was completed in 100-µ1 reaction volumes on an automated DNA thermal cycler b as previously described. 3 The PCR reagents were used according to the manufacturer's recommendations, c and reaction mixtures contained 10 mM Tris-HC1 (pH 8.3), 50 mM KCl, 200 µM each of the four deoxynucleoside triphosphates, 1 µM of each primer, 2.5 mM MgCl 2 , 2.5 units of Taq DNA polymerase, and 10 µ1 of template.
Reaction mixtures were overlaid with 1 drop of mineral oil,, denatured at 94 C for 3 min, annealed at 37 C for 1 min, and extended at 72 C for 1 min for 2 cycles, followed by 25 cycles of 94 C for 1 min, 37 C for 1 min, and 72 C for 1 min. After the last cycle, the mixtures were incubated at 72 C for 5 min and stored at 4 C.
Southern blot hybridizations of amplified DNA
Amplified DNA products (25 µ1 of each PCR sample) were loaded onto 1% agarose gels and electrophoresed at 100 V for 45 min. The gels were stained with ethidium bromide and visualized by ultraviolet illumination. The gels were incubated in denaturation solution (1.5 M NaCl, 0.5 M NaOH) for 30 min then washed in neutralization solution (1.5 M NaCl, 0.5 M Tris-HCl, pH 7.2, 1.0 mM EDTA) for 30 min. The DNA was transferred from the gel to nylon membranes by capillary transfer. 18 Following transfer, the DNA was crosslinked to the membrane by ultraviolet illumination. d Membranes were placed in prehybridization buffer (50% deionized formamide, 10 mg/ml glycine, 0.1% sodium dodecyl sulfate [SDS], 0.5 mg/ml denatured salmon sperm DNA, 50 mM NaPO 4 buffer, pH 6.5, 5 x Denhardt's solution, and 6 x standard saline citrate [SSC]) and incubated for 1 hr at 42 C. The prehybridization solution was removed, and hybridization solution (50% deionized formamide, 0.1% SDS, 0.1 mg/ml denatured salmon sperm, 20 mM NaPO 4 buffer, pH 6.5, 1 x Denhardt's solution, 6 x SSC) was added. The KSU-2 DNA was radiolabeled with α-32 P with random primers e then denatured at 95 C for 5 min and quenched on ice before being added to preheated (42 C) hybridization solution. Membranes were hybridized overnight at 42 C, washed (twice with 2 x SSC, 0.1% SDS; once with 0.1 x SSC at 42 C for 30 min), air dried, and exposed to autoradiography film at -70 C.
Dot blot analysis of amplification products
Seventy-five to 80 µ1 of the amplified PCR reaction mixture was diluted with 200 µ1 of Tris-EDTA buffer and blotted onto nylon membranes f using a slot-blot microfiltration apparatus g according to the manufacturer's instructions. The membranes were denatured for 7 min, neutralized for 7 min, air dried, and cross-linked by ultraviolet illumination. Membranes were hybridized with the KSU-2 DNA probe as described above. The positive control for dot blot analysis was purified E. suis DNA, 10 and negative control blood DNA was recovered from healthy cats. 3
Results
Splenectomized pigs
As previously reported in experiments that monitored the parasitemia of splenectomized pigs using the KSU-2 DNA probe, 10 a specific radiographic signal indicative of the presence of E. suis DNA in the blood was found by day 7 postinfection in all splenectomized pigs (Fig. la) . The DNA used in each dot blot well was equivalent to the total DNA from 100 µ1 of whole blood collected that day and was extracted from HSS.
Experiments using blood collected on the same day but with template DNA extracted by the quick boil method from frozen whole blood showed that eperythrozoon DNA in infections could be detected earlier with PCR/hybridizations than with direct hybridizations using unamplified blood DNA extracted from HSS (Fig. la, 1b) . Amplification of the equivalent of 10 µ1 of blood DNA extracted by the quick boil method from samples taken from splenectomized pig A on day 0 and days 3, 5, and 7 postinfection and then hybridization of the amplified product with the KSU-2 DNA probe resulted in an intense radiographic signal for samples from all collection dates (Fig. lb) . Splenectomized pigs B and C gave specific radiographic indications of the presence of E. suis DNA sequences in amplified blood samples by day 3 or day 5 postinfec- Total DNA template prior to amplification was equivalent to 10 µ1 of whole blood. tion (Fig. lb) . The radiographic signal from pig C was faint on day 3 but was more intense by day 5 but was difficult to interpret even after repeat PCR/hybridizations of DNA from these blood samples gave similar results (data not shown).
The PCR/hybridization results indicate that splenectomized pig A was infected with E. suis prior to being experimentally infected on day 0. This pig died on day 10 postinfection, whereas splenectomized pigs B and C survived the experiment. 10 Splenectomized pigs B and C were clearly infected by day 3 or 5 postinfection, as indicated by the hybridization signal produced by the KSU-2 DNA probe, and remained infected to the completion of the experiment on day 17 postinfection.
Nonsplenectomized pigs
Amplified DNA products ( ≈ 490 bp) were evident in blood from nonsplenectomized pig "A" in ethidium bromide-stained gels within 1 day postinfection (Fig.  2) . Hybridizations with the PCR products from each blood sampling day from pig "A" confirmed the presence of E. suis DNA on day 1 postinfection (Fig. 2) . Hybridization signals for E. suis PCR products from pig "A" blood continued, although with variable intensity, until day 22 postinfection, when the pig was splenectomized. Following splenectomy, the hybrid-ization signals on sample days 26, 28, and 30 were progressively more intense (Fig. 2) .
Amplified DNA products were also evident in gels from nonsplenectomized pig "B" (Fig. 3) . Hybridization of day 1 postinfection PCR products resulted in an intense radiographic signal produced by the KSU-2 DNA probe (Fig. 3) . As with PCR/hybridizations on blood DNA from pig "A," the intensity of hybridizations with pig "B" PCR products increased following splenectomy (Fig. 3) . The PCR/hybridizations were repeated on blood from pig "B" on day 24 postinfection and resulted in an intense hybridization signal (data not shown).
Pigs in Natural Outbreaks
Outbreak 1. Initial blood samples from pigs 605, 606, and 607 were collected in HSS, and the DNA was subsequently extracted, amplified, dot blotted, and hybridized with the KSU-2 DNA probe. Comparison of these hybridization results with those of purified E. suis DNA and cat blood DNA (Fig. 4) indicated that E. suis DNA was present in pigs 605 and 606 and either was not present in pig 607 or was not within levels detectable using the HSS blood collection/DNA extraction procedure or the current PCR procedure.
In subsequent blood samples from this herd, DNA amplifications were completed on DNA recovered by the modified quick boil method. In the ensuing hybridizations with the KSU-2 DNA probe, the PCR products of blood from pigs 608, 609, and 610 and purified E. suis DNA resulted in discernable hybridization signals (Fig. 4) , indicating the presence of E. suis DNA in the samples. These pigs had been receiving Livorex h instead of Iron Dextran, i and according to hematologic analyses, the pigs were iron deficient.
Outbreak 2. Blood collected from pigs 611-619 resulted in distinct PCR/hybridization products in pigs 611, 613, 614, and 616-619 and a faint hybridization signal for pig 615 (Fig. 5) . Pig 612 was negative as compared with purified E. suis DNA (positive control) and cat blood DNA (negative control) (Fig. 5 ).
Discussion
In experimental infections using splenectomized pigs, the eperythrozoon-specific PCR/hybridization assay was able to detect E. suis earlier and in smaller blood volumes than was the previous direct hybridization assay with unamplified blood DNA. Results demonstrated that 1 of the original splenectomized pigs (pig . Eperythrozoon-specific PCR/dot blot hybridizations from pig blood from outbreak 1. Whole blood from pigs 605-607 was collected in high salt solution and extracted, and whole blood from pigs 608-610 was collected in anticoagulant tubes and extracted using a modified quick boiling method. The positive control (+) was purified E. suis DNA, and the negative control (-) was total DNA isolated from cat blood.
A) was infected before the experiment began, and this mized pigs, the E. suis PCR/hybridization assay was infection was not discernable in blood smears or by able to detect eperythrozoon DNA sequences in blood direct hybridizations on unamplified blood DNA. This within 24 hours postinfection. Although these results pig died during the experiment.
analyzed the parasitemia of only 2 infected pigs, fluc-In longitudinal experiments using nonsplenecto-tuations in the intensity of hybridization signals per- sisted until the pigs were splenectomized. Because an equivalent amount of blood (10 µ1) was used in each amplification reaction, major fluctuations in the hybridization signal suggest that the appearance of E. suis in the blood might occur in a cyclical manner with discrete parasitemic episodes, as demonstrated in cats infected with a similar parasite, Haemobartonella felis. 5 Blood from nonsplenectomized pigs "A" and "B" was collected in anticoagulant tubes, stored at 4 C, and boiled, and the DNA in the aqueous layer was extracted with phenol/chloroform. In limited comparisons, the modified quick boil extraction procedure was easier to complete and resulted in more distinguishable PCR/ hybridization signals than did extractions of blood DNA with HSS (data not shown). The effectiveness of the modified quick boil extraction procedure was further demonstrated in outbreak 1, in which PCR/hybridizations using DNA from 10 µl of blood from pigs 608-610 resulted in sharper, more discernable signals than did hybridization using DNA from 100 µ1 of blood extracted with HSS from pigs 605-607 ( Fig. 4) .
In the first screening of blood samples in natural outbreaks, the PCR/hybridization assay was able to rapidly and specifically demonstrate 2 separate herds with eperythrozoonosis. Although comparisons with other Eperythrozoon isolates will be required, these results indicate that pigs infected with E. suis from geographically distinct locations can be identified using the eperythrozoon-specific PCR/hybridization assay. Both herds in which eperythrozoonosis was involved had notable health problems that contributed to losses.
The identification of eperythrozoonosis in pigs exhibiting clinical problems other than acute icteroanemia reconfirms previous reports that high incidences of respiratory and enteric disease are associated with E. suis-infected herds 6 and reduced herd efficiency. 14 Pigs 605-607 had enteric disease in association with eperythrozoonosis, and pig 606 also had respiratory problems. The predisposition of pigs with E. suis infections to develop iron deficiency anemias, or vice versa, is unknown. Future research will be required to understand the interaction of these conditions and of mixed infections in which eperythrozoonosis is involved.
These findings demonstrate that the E. suis PCR/ hybridization assay offers many advantages over conventional laboratory procedures for diagnosing eperythrozoonosis. As demonstrated in experimental infections with both splenectomized and nonsplenectomized pigs, the assay was able to detect eperythrozoon DNA within 24 hours postinfection. Because of fluctuations in the intensity of hybridizations with the PCR products, improvements in the sensitivity of the assay are necessary. The use of nested primers 8 or booster PCRs 11 is being investigated.
Nevertheless, the E. suis PCR/hybridization assay is an improved technique for diagnosing eperythrozoonosis when parasite numbers are too low to show up in blood smears. Such an assay will be valuable in determining 1) the prevalence of E. suis in the US pig population, 2) how eperythrozoonosis exacerbates other infections in pigs, and 3) the effectiveness of specific drugs to eliminate eperythrozoon infections.
